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Abstract: 16 
It is well documented that ultrasonic melt treatment (USMT) can refine dendritic and eutectic 17 
microstructures during solidification, but much less attention has been paid to the effect of 18 
USMT on macro-segregation and intermetallic transformations. In this research, macro-19 
segregation and primary Fe-containing intermetallic peritectic transformations in an Al-19 wt 20 
pct Si-4 wt pct Fe alloy were investigated without and with USMT. Macrostructural 21 
examination showed that in the absence of USMT the ingot revealed considerable non-22 
uniform distribution of both the primary Fe-containing intermetallic and primary Si particles, 23 
whereas the ingot with USMT exhibited near homogeneous distribution of both primary 24 
phases, i.e., reduced macro-segregation. The beneficial effect of USMT on relieving macro-25 
segregation was further examined using quantitative microstructural metallography and the 26 
results indicated that the area fraction, number density, and size distribution of both primary 27 
phases became essentially uniform across the ingot after USMT. USMT further exerted a 28 
significant impact on the constitution of the primary Fe-containing intermetallics, where 29 
complex particles of δ-Al3FeSi2/β-Al5FeSi were prominent without USMT while few δ-30 
Al3FeSi2 particles were observed after USMT and the primary Fe-containing intermetallics 31 
existed mostly as the single-phase β-Al5FeSi. The underlying reason was attributed to the 32 
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reduction in the size of the primary δ-Al3FeSi2 particles which ensures the complete 33 
transformation of most primary δ-Al3FeSi2 particles to the peritectic β-Al5FeSi phase. 34 
 35 
I. Introduction 36 
 Al-Si based alloys are the most widely used Al-based foundry alloys due to their 37 
excellent combination of mechanical properties and ease of castability. Hypoeutectic Al-Si 38 
alloys containing 5 to 12 wt pct Si (wt pct is used hereinafter unless otherwise specified) 39 
account for most commercial production. However, hypereutectic Al-Si alloys with 14 to 25 40 
pct Si are more desirable for applications requiring wear resistance, along with high strength 41 
and low weight. Transition metal solutes, notably Fe, Cr, and Ni, in these alloys can further 42 
improve their performance at elevated temperatures due to the presence of thermally stable 43 
intermetallics [1-2]. The use of Fe is considered to be particularly attractive for two reasons: 44 
it alleviates die soldering for die casting and allows the use of secondary Al (post-consumer 45 
scrap) already containing appreciable amounts of Fe. However, the amount of Fe addition is 46 
restricted as the resulting Fe-containing intermetallics can form as large and coarse platelet-47 
like features, deteriorating ductility and fracture toughness [3]. Moreover, it is challenging to 48 
obtain microstructurally homogeneous castings of hypereutectic Al-Si based alloys by 49 
conventional foundry processes, because of the propensity to form macro-segregation defects 50 
during solidification [4]. As a result, special solidification processes such as rapid 51 
solidification [5], spray deposition [6], melt thermal-rate treatment (MTRT) [7] and 52 
ultrasonic melt treatment (USMT) [8-13] have been employed to control the size, 53 
morphology and distribution of Fe-containing intermetallics and primary Si in hypereutectic 54 
Al-Si alloys. 55 
 In Fe-containing hypereutectic Al-Si alloys, the Al-Fe-Si phase diagram [14] shows 56 
that the following three reactions can occur leading to the formation of β-Al5FeSi during 57 
equilibrium solidification: 58 
(1) L + δ-Al3FeSi2  β-Al5FeSi + Si 59 
(2) L  β-Al5FeSi + Si 60 
(3) L  α-Al + Si + β-Al5FeSi 61 
During reaction (1), the β-Al5FeSi phase forms on δ-Al3FeSi2 via a quasi-peritectic reaction 62 
which occurs only when the Si and Fe contents are greater than ~17.7 and ~2.8 pct, 63 
respectively, by thermodynamic calculations using the software package Pandat
TM
 and 64 
PanAluminium 2016 database. When the Si and Fe solute concentrations are more dilute, 65 
however, the β-Al5FeSi phase can simply form directly from the liquid as a pre-eutectic phase 66 
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according to reaction (2). Finally, some β-Al5FeSi phase can form as a component of the α-Al 67 
+ Si + β-Al5FeSi ternary eutectic by reaction (3). Nonetheless, the phase δ-Al3FeSi2 has been 68 
reported to also exist in dilute Al-Fe-Si alloys [15], highlighting the complexity of the Al-Fe-69 
Si system. Furthermore, peritectic β-Al5FeSi often coexists with the primary δ-Al3FeSi2 phase 70 
in the as-cast microstructure, because the peritectic transformation of δ-Al3FeSi2 into β-71 
Al5FeSi in reaction (1) rarely goes to completion. Two studies have investigated quasi-72 
peritectic reactions in the Al-Fe-Si system [16-17], but they both dealt with low Fe 73 
hypoeutectic Al-Si alloys. Hence, there is a lack of understanding of the solidification 74 
reactions that occur in hypereutectic Al-Si alloys containing moderate additions of Fe and the 75 
growth mechanisms involved.  76 
 USMT has been employed in solidification processing to control the nucleation and 77 
growth of primary crystalline phases, together with the macro- and microstructural features in 78 
castings [18-26]. Hence, the use of USMT has attracted attention for refining the size and 79 
modifying the morphology of Fe-containing intermetallics [8, 27] and primary Si [28-30], 80 
including when both phases coexist in hypereutectic Al-Si alloys [8-13]. Table I summarises 81 
the studies on USMT of hypereutectic Al-Si alloys containing deliberate additions of Fe. 82 
However, in these reports, inadequate information was provided on the experimental 83 
parameters, such as the ultrasonic horn diameter, ultrasonic amplitude and horn pre-heating 84 
temperature, which makes it difficult to compare the results. Furthermore, very different melt 85 
temperatures or superheats were used (Table I), which are known to have an important effect 86 
on the microstructure, e.g., the use of a lower melt temperature tends to produce a finer grain 87 
structure [31]. Therefore, it is important to isolate the effect of the melt temperature from that 88 
of USMT.  89 
 Previous studies [9, 12] have shown that USMT suppresses the formation of the 90 
peritectic β-phase in hypereutectic Al-Si based alloys, but leads to the formation of the 91 
primary δ-phase instead. This implies that USMT can stifle the peritectic transformation δ-92 
Al3FeSi2  β-Al5FeSi. However, contrasting results have also been reported on other alloy 93 
systems such as Sb-Sn [32], Cu-Sn [33] and Ti-Al [34], in which peritectic transformations 94 
were clearly promoted by USMT. This difference demands an in-depth investigation into the 95 
role of USMT on the peritectic transformation of primary Fe-containing intermetallics in 96 
hypereutectic Al-Si alloys. Additionally, although USMT has been shown to be effective in 97 
mitigating separation in immiscible Al-Sn-Cu alloys [35-36], no systematic study has been 98 
presented yet on the effect of USMT on macro-segregation in conventional Al alloys. 99 
Page 4 of 30 
 
 In view of this, this study was carried out to evaluate the macro-segregation and the 100 
formation of Fe-containing intermetallics in a slowly cooled Al-19Si-4Fe alloy without and 101 
with USMT. The ternary alloying addition of 4 pct Fe was selected because (i) it ensures the 102 
occurrence of the quasi-peritectic reaction L + δ-Al3FeSi2  β-Al5FeSi + Si; (ii) it produces a 103 
sufficient volume fraction of intermetallic phases facilitating microscopic investigation; and, 104 
(iii) it is comparable to the additions of Fe in previous studies (see Table I). 105 
 106 
II. Experimental procedures 107 
A. Materials 108 
 The Al-19Si-4Fe alloy was produced by melting commercially pure Al (99.7 pct), Si 109 
(99.5 pct) and an Al-10Fe master alloy at 1073 K (800 °C) in an induction furnace and held 110 
for 10 mins before casting into boron nitride-coated steel moulds to produce 350 g ingot 111 
charges. A single ingot charge was then placed in a boron nitride-coated clay-graphite 112 
crucible (90 mm top outer diameter, 55 mm bottom outer diameter and 92 mm in height) and 113 
remelted and held in a resistance furnace at 1073 K (800 °C) for 30 min. The liquid alloy was 114 
stirred for 1 min for complete and homogeneous dissolution and then furnace-cooled. The 115 
melt temperature was recorded with a frequency of 10 readings per second by a K-type 116 
thermocouple located approximately one-half radius from the inner crucible wall. The first 117 
derivative cooling curves were mathematically smoothed using the adjacent-average method 118 
over 25 data points (no further smoothing was applied). The cooling rate prior to primary 119 
phase formation was ~0.15 K s
-1
. 120 
 121 
B. USMT procedure 122 
 Fig. 1 displays the USMT set-up. The commercial ultrasonic system is comprised of a 123 
500 W generator, a fan-cooled 20 kHz half wavelength piezoelectric sandwich transducer and 124 
a 25 mm diameter tip acoustic sonotrode made from Ti-6Al-4V alloy. The maximum 125 
vibration amplitude at the sonotrode working face is 12 ± 1 μm peak to peak. The sonotrode 126 
was immersed into the melt to a depth of 10 mm at 973 K (700 °C) with the ultrasonic system 127 
switched on prior to immersion. The sonotrode was preheated to 773 K (500 °C) before it 128 
was immersed into the melt to alleviate the tendency for a solidified layer to form on the 129 
sonotrode working face. It was removed from the melt at 883 K (610 °C). 130 
 131 
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 132 
Fig. 1—Schematic illustration of the experimental set-up. 133 
 134 
 The ultrasonic intensity, I, required to overcome the cavitation threshold in typical Al 135 
melts has been determined to be I ≥ 100 W cm-2 [19], where I is defined by [19]:  136 
I = ½ ρc(2πfA)2 137 
where ρ is the liquid mass density, c is the speed of sound in the liquid, f is the frequency and 138 
A is the amplitude of the ultrasound. The density of Al at 973 K (700 °C) (i.e., the USMT 139 
start temperature) is 2375 kg m
-3
 [37], which increases to 2395 kg m
-3 
when alloyed with 19 140 
pct Si and 4 pct Fe [14]. The speed of sound in the alloy used is assumed to be that of a 141 
simple Al-19 pct Si binary alloy which at 973 K (700 °C) has been reported to be 4573 m s
-1
 142 
[38]. The ultrasonic intensity at the sonotrode working face-melt interface can be estimated to 143 
be 1245 W cm
-2
 using Eq. [1], which is over an order of magnitude greater than the ultrasonic 144 
intensity threshold (100 W cm
-2
) required for the formation of a cavitation zone. 145 
C. Characterisation 146 
 As-solidified ingot samples were sectioned longitudinally for metallographic 147 
observations. The half castings were cut into small pieces, each with a section area of 10 mm 148 
× 10 mm at four different positions on the cross section, representing the top surface, central, 149 
bottom and side wall regions of the casting, as shown in Fig. 3. The samples were mounted, 150 
ground and polished, using standard metallographic techniques. 151 
 The morphology and composition of phases were examined with an FEI NanoSEM 152 
scanning electron microscope (SEM) in the backscattered electron (BSE) mode, equipped 153 
with an Oxford Instruments X-MaxN 20 energy dispersive X-ray spectroscopy (EDS) 154 
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detector. Image analysis software package ImageJ was used to investigate and measure 155 
various microstructural parameters of the different phase constituents from the backscattered 156 
images. At least 15 fields of view were analysed for each zone, where each field covered an 157 
area of 2.64 mm
2
. 158 
 159 
III. Results 160 
A. The effect of USMT on cooling curves 161 
 The Lever rule module of Pandat
TM
 [39] with the PanAluminium 2016 database was 162 
used for solidification simulation of the Al-19Si-4Fe alloy. Fig. 2 presents the temperature vs 163 
fraction solid of the alloy, in which the following series of reactions take place: 164 
(1)  L  δ-Al3FeSi2   937 K (664 °C) 165 
(2) L  δ-Al3FeSi2 + Si    927 K (654 °C) 166 
(3) L + δ-Al3FeSi2 → β-Al5FeSi + Si 914 K (641 °C) 167 
(4) L → α-Al + Si + β-Al5FeSi  848 K (575 °C) 168 
 169 
 170 
Fig. 2—Temperature vs fraction solid curve as predicted by PANDATTM assuming 171 
equilibrium solidification of the Al-19Si-4Fe alloy. 172 
 173 
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 Fig 3(a, b) shows the cooling curves and their first derivatives obtained for the alloy 174 
without and with USMT. The reaction temperatures were determined from the first derivative 175 
[40]. Based on Fig. 2, the reaction and corresponding temperatures are listed in Table II. 176 
 Solidification of the alloy without USMT starts at 938 K (665 °C), corresponding to 177 
the precipitation of δ-Al3FeSi2 (marked 1 in the figure). A second reaction overlaps 178 
considerably with the first one given the small temperature difference between these two 179 
reactions. Nonetheless, primary Si precipitation occurs at 936 K (663 °C) (marked 2). The 180 
peritectic reaction L + δ-Al3FeSi2 → β-Al5FeSi + Si takes place at 868 K (595 °C) (marked 181 
3). Lastly, the main ternary eutectic reaction L → α-Al + Si + β-Al5FeSi occurs at 849 K (576 182 
°C) (marked 4). These experimentally determined reaction temperatures are consistent with 183 
the thermodynamic predictions, except for the peritectic reaction (3) where the difference 184 
between the values is 46 K. Meanwhile, the experimentally observed peritectic reaction 185 
temperature of 868 K (595 °C) is consistent with literature data, such as 868 K (595 °C) [41] 186 
and 869 K (596 °C) [42]. 187 
 For the alloy with USMT, the insertion of the sonotrode at 927 K (700 °C) led to a 188 
sudden drop in melt temperature of about 12 K, followed by a decrease in cooling rate to a 189 
relatively stable rate of ~0.06 K s
-1
. The sonotrode itself increases the heat extraction rate 190 
rapidly, until the point where the temperature of the sonotrode reaches thermal equilibration 191 
with the melt and the cooling rate stabilises afterwards. During USMT there was much more 192 
noise in the temperature signal. This is likely related to the cavitation and acoustic streaming 193 
effects in the region of the thermocouple tip. As a result, the reaction arrest temperatures for 194 
the precipitation of primary δ-Al3FeSi2 and primary Si are difficult to determine. Upon 195 
removing the sonotrode at 883 K (610 °C), a sudden increase in the cooling rate occurs to a 196 
stable rate of ~0.16 K s
-1
. The acoustic energy introduced into the melt can effectively lead to 197 
a slower cooling rate during treatment [19]. Finally the peritectic (marked 3) and ternary 198 
eutectic (marked 4) reactions occur at 868 K (595 °C) and 849 K (576 °C), which are the 199 
same temperatures as without USMT. 200 
 201 
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  202 
Fig. 3—Cooling curves and their first derivatives for the Al-19Si-4Fe alloy: (a) without 203 
USMT and (b) with USMT. 204 
 205 
B. The effect of USMT on the macrostructure 206 
 Fig. 4 (a, b) presents optical macrographs of the vertical sections of the alloy without 207 
and with USMT. In the absence of USMT, primary Fe-containing intermetallics and primary 208 
Si are concentrated near the top surface (Zone I in Fig. 4a) as well as the bottom and side 209 
walls of the crucible (Zones III and IV in Fig. 4a). No primary particles are visible in the 210 
central region (Zone II), which covers about 60 vol. pct of the ingot. Additionally, large 211 
shrinkage cavities appear in the central region. With USMT, these cavities are essentially 212 
eliminated, and, at least from a macroscopic point of view, fine Fe-containing intermetallics 213 
and primary Si particles are uniformly distributed throughout the ingot. 214 
 215 
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Fig. 4—(a) Vertical section of a solidified Al-19Si-4Fe ingot without USMT and (b) the 217 
same alloy with USMT. Note the distinct difference in macro-segregation and phase 218 
distribution in (a) and (b). 219 
 220 
C. The effect of USMT on microstructure 221 
 Fig. 5 shows the morphologies of primary Fe-containing intermetallics (white) and 222 
primary Si (grey) revealed by SEM BSE images in different regions of the ingot samples 223 
solidified without and with USMT. The main features can be summarised as follows: (i) the 224 
long platelet-like primary Fe-containing intermetallics observed in Zone I of the ingot 225 
without USMT disappeared after USMT; (ii), After USMT, the morphology of the primary 226 
Fe-containing intermetallics and primary Si particles are observed to be finer and more 227 
homogeneous compared to without USMT and display approximately rod-like and polyhedral 228 
morphologies, respectively; (iii) both the primary phase particles are well distributed across 229 
all zones of the ingot with USMT, as opposed the non-uniform microstructure of the ingot 230 
without USMT where primary phase particles are evident near the melt surface and wall 231 
regions but are absent in the central region. 232 
 233 
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 234 
Fig. 5—SEM BSE micrographs showing the typical primary phase structures in the four 235 
different zones of the Al-19Si-4Fe ingots shown in Fig. 4. 236 
 237 
D. Quantitative microstructural analysis 238 
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 Area fraction provides a useful measure of the distribution of each primary phase in 239 
the ingot. Fig. 6 (a, b) shows the area fractions of the primary Fe-containing intermetallic and 240 
primary Si phases in different regions of the ingots without and with USMT. USMT resulted 241 
in both the primary Fe-containing intermetallic and primary Si crystals to be distributed 242 
essentially uniformly across the ingot compared to noticeable variations, i.e., macro-243 
segregation, in the absence of USMT. 244 
 245 
 246 
Fig. 6—Area fraction of primary phases without and with USMT in the ingot samples shown 247 
in Fig. 4: (a) primary Fe-containing intermetallics, and (b) primary Si. Refer to Fig. 4 for the 248 
different zones. 249 
 250 
 The number density per unit area of each primary phase in the ingot samples is shown 251 
in Fig. 7 (a, b). An appreciable increase in number density was observed after USMT for both 252 
the primary Fe-containing intermetallics and primary Si in each region concerned. Equally 253 
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important is that the number density distribution in the ingot after USMT is far more uniform 254 
across all zones of the ingot than in the absence of USMT. 255 
 256 
 257 
Fig. 7—Number density of primary phases without and with USMT for the ingot samples 258 
shown in Fig. 4: (a) primary Fe-containing intermetallics, and (b) primary Si. Refer to Fig. 4 259 
for the different zones. 260 
 261 
 Along with significant changes in distribution are modified shapes of each primary 262 
phase. Fig. 8 (a-d) shows the measured morphological parameters of each primary phase 263 
from different regions of the ingot samples shown in Fig. 4. USMT entailed a marked 264 
reduction in both the length and width of each primary phase. Also, the size is more 265 
homogeneous throughout the ingot after USMT while the difference in size is considerable 266 
without USMT.  267 
 268 
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 269 
Fig. 8—Morphological parameters of primary phases for the alloy ingots shown in Fig. 4: (a) 270 
primary Fe-containing intermetallics without USMT; (b) primary Fe-containing intermetallics 271 
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with USMT; (c) primary Si without USMT; and (d) primary Si with USMT. Refer to Fig. 4 272 
for the different zones. 273 
 274 
E. Complex particles of δ-Al3FeSi2/β-Al5FeSi 275 
 A closer inspection of the backscattered micrographs revealed that many of the 276 
primary Fe-containing intermetallics existed in a complex form which contained a central 277 
lighter phase enveloped by a darker phase in the ingot sample solidified without USMT. In 278 
contrast, such particles were observed only occasionally in the ingot sample solidified with 279 
USMT. In fact, the vast majority of the primary Fe-containing intermetallic particles in the 280 
ingot sample after USMT appeared as single-phase particles.  281 
 Fig. 9 shows a representative BSE image of two coarse platelet-like complex primary 282 
Fe-containing intermetallic particles observed in Zone I of the ingot sample solidified without 283 
USMT. The faint difference in contrast can easily mask the two different intermetallic phases 284 
at low magnifications. Fig. 10 (a-c) shows typical blocky complex primary Fe-containing 285 
intermetallic particles observed near the wall of the ingot sample without USMT. The relative 286 
volume fraction of each phase in the complex particle varies but in all of the complex 287 
particles observed the central lighter contrast intermetallic phase showed a large area fraction. 288 
For comparison, Fig. 10 (d, e) shows two examples of the single-phase Fe-containing 289 
intermetallic particles that are predominant in the ingot sample after USMT. Only a few 290 
complex particles were encountered in the ingot sample after USMT. A useful feature to note 291 
is that the central lighter contrast intermetallic phase is much smaller than those observed in 292 
the case without USMT. Fig. 10 (f) shows one such example. It would appear that the central 293 
particle is the remnant of a larger particle formed at the beginning of solidification.  294 
 295 
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 296 
Fig. 9—(a) Typical BSE image showing unreacted platelet-like Fe-containing intermetallics 297 
existing as complex particles of δ-Al3FeSi2/β-Al5FeSi in Zone I of the ingot sample solidified 298 
without USMT, and (b) an enlarged view. 299 
 300 
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 301 
Fig. 10—BSE images showing examples of primary Fe-containing intermetallic particles: (a-302 
c) complex blocky particles of δ-Al3FeSi2/β-Al5FeSi observed near the mould wall regions of 303 
the ingot samples solidified without USMT; (d, e) single-phase short intermetallic particles 304 
observed in the ingot after USMT; and (f) a complex particle of δ-Al3FeSi2/β-Al5FeSi 305 
observed in the ingot sample with USMT. 306 
 307 
 EDS line scan analyses along the cross section of each selected intermetallic particle 308 
from Fig. 10 are shown in Fig. 11. The results confirm that the contrasting phases in the 309 
complex particles are not artefacts. Instead, the central phase contained more Si than the outer 310 
phase (Fig. 11 (a, b)). The single-phase particles shown in Fig. 10 (f) do not contain an inner 311 
Si-rich phase (Fig. 11 (c)). A comprehensive quantitative survey of the chemical 312 
compositions of a total of 93 complex and single-phase intermetallic particles was 313 
undertaken, and the results are summarised in Table III. Based on these results, the 314 
stoichiometry of the central Si-enriched phase is consistent with δ-Al3FeSi2, while the outer 315 
phase corresponds to β-Al5FeSi. The stoichiometry of the single-phase short rod particles is 316 
consistent with β-Al5FeSi. 317 
 318 
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 319 
Fig. 11—EDS line scans across selected Fe-containing intermetallics particles: (a) the 320 
complex particle in Fig. 9 (c); (b) the complex particle in Fig. 9 (f); and (c) the single-phase 321 
β-Al5FeSi particle in Fig. 9 (e).  322 
 323 
IV. Discussion 324 
A. The effect of USMT on macro-segregation 325 
 The occurrence of macro-segregation of primary Fe-containing intermetallics and 326 
primary Si was not unexpected based on previous studies [43-44]. The main mechanisms for 327 
the macro-segregation of primary Si particles have been identified as including [32]: (i) 328 
flotation of primary Si particles towards the top of the melt; (ii) heterogeneous nucleation of 329 
primary Si on the mould wall; and (iii) localised enhanced growth of primary Si particles. As 330 
regards the macro-segregation of primary Fe-containing intermetallics in Al-alloys, they are 331 
observed to frequently settle to the bottom of the mould due to gravity leaving the upper part 332 
of the casting or ingot depleted of intermetallics [44]. It has also been proposed that some Fe-333 
containing intermetallics may not settle but instead “hang” near both the side mould wall and 334 
the top melt surface regions [44]. One possible reason is due to heterogeneous nucleation of 335 
primary Fe-containing intermetallics on oxide films or the mould wall, which can effectively 336 
slow down or even prevent their sedimentation. This hypothesis can help to explain the 337 
macro-segregation of primary phase particles observed near the top melt surface and wall 338 
regions, and also their depletion in the central region of the casting. Nonetheless, the 339 
mechanisms remain incompletely identified. 340 
 USMT produced a uniform distribution of both primary Fe-containing intermetallics 341 
and primary Si (Fig. 6) and eliminated macro-segregation. In addition, it increased the 342 
number of each primary phase (Fig. 7) with a uniform size distribution (Fig. 8). The high 343 
potency of USMT in dispersing the primary Fe-containing intermetallics and primary Si can 344 
be attributed to the combined effects of the enhanced heterogeneous nucleation of each 345 
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primary phase (cavitation-induced, including fragmentation) and dynamic solidification 346 
environment (acoustic streaming and cavitation) created by ultrasonic waves. Both effects of 347 
USMT have long been recognised and discussed in the literature [18-23, 45]. They will not 348 
be restated herein. One additional benefit of the cavitation effect of USMT is that it produces 349 
an essentially thoroughly mixed effect thereby preventing large primary phase particles from 350 
quickly sinking or floating. As a result, gravity segregation of the primary phase particles is 351 
mitigated. This ability of USMT to fully eliminate macro-segregation so efficiently has not 352 
been well demonstrated previously to the authors’ best knowledge and it was not totally 353 
expected prior to this research. In that regard, this research extends perspectives on the 354 
capabilities of USMT. 355 
 356 
B. The effect of USMT on peritectic transformation of intermetallics 357 
 The thermodynamic calculation shown in Fig. 2 predicts that an invariant quasi-358 
peritectic reaction L + δ-Al3FeSi2 → β-Al5FeSi + Si occurs during solidification of the Al-359 
19Si-4Fe alloy. As proposed by Sha et al. [17], the study of quasi-peritectic reactions can be 360 
based on the normal peritectic reaction theory [46-52]. On this basis, the quasi-peritectic 361 
formation of β-Al5FeSi can be regarded as consisting of two stages: (i) the normal peritectic 362 
reaction, during which direct reaction between δ-Al3FeSi2 and liquid leads to the formation of 363 
a continuous envelope of β-Al5FeSi surrounding each δ-Al3FeSi2 particle, isolating the initial 364 
δ-Al3FeSi2 phase from further contacting liquid; and (ii) the peritectic transformation, during 365 
which the β-Al5FeSi envelope thickens by solid state diffusion of alloying elements from δ-366 
Al3FeSi2 and liquid phases through the peritectic β-Al5FeSi envelope. It has been reported 367 
that both the δ-Al3FeSi2 and β-Al5FeSi particles exhibit similar platelet-like characteristic 368 
crystal shapes, but the platelets of δ-Al3FeSi2 are generally more blocky [53]. Hence if the 369 
transformation from δ-Al3FeSi2 into β-Al5FeSi goes to completion, only relatively thin 370 
platelet-like β-Al5FeSi particles will appear in the as-solidified microstructure. However, if 371 
the transformation is only partially complete, both δ-Al3FeSi2 and β-Al5FeSi will be present 372 
as complex particles exhibiting an intermediary blocky-to-platelet morphology in which β-373 
Al5FeSi envelopes δ-Al3FeSi2. In general, under most cooling conditions during 374 
solidification, only fine δ-Al3FeSi2 particles are expected to undergo complete transformation 375 
into β-Al5FeSi as the transformation is slow due to solid state diffusion. 376 
 In the ingot sample solidified without USMT, the primary Fe-containing 377 
intermetallics exhibited long platelet-like shapes (Fig. 5 (a)) in the melt surface (Zone I) and 378 
blocky shapes (Fig. 5 (c, d)) in the wall regions (Zones III and IV). They both formed as 379 
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complex particles of δ-Al3FeSi2/β-Al5FeSi. However, the blocky particles contained a 380 
significantly larger δ-Al3FeSi2 particle than those in the melt surface region. We propose that 381 
this is due to different degrees of transformation of δ-Al3FeSi2 into β-Al5FeSi. Fig. 8 (a) 382 
shows that the average equivalent size of the primary Fe-containing intermetallic particles 383 
formed near the mould wall regions are almost twice as large as those formed near the melt 384 
surface regions. The diffusion-controlled rate of transformation from δ-Al3FeSi2 to β-Al5FeSi 385 
can be assumed to be similar at the same temperature. Therefore the less complete 386 
transformation of δ-Al3FeSi2 into β-Al5FeSi platelets observed at the mould wall regions 387 
versus that at the melt surface can be attributed to the existence of coarser particles of δ-388 
Al3FeSi2 for which longer time is required to complete the peritectic transformation. 389 
 After USMT, most primary Fe-containing intermetallics exist as single-phase β-390 
Al5FeSi short rod particles (Fig. 10 (d-e)) with a few δ-Al3FeSi2/β-Al5FeSi complex particles 391 
containing a small central area of primary δ-Al3FeSi2 (Fig. 10 (f)). USMT has clearly resulted 392 
in complete peritectic transformation of most primary δ-Al3FeSi2 particles into peritectic β-393 
Al5FeSi. As shown schematically in Fig. 12, the finer sized primary δ-Al3SiFe2 particles will 394 
shorten the time needed to complete the peritectic transformation. USMT produced much 395 
finer δ-Al3SiFe2 particles thus reducing the time needed to achieve complete transformation 396 
to β-Al5FeSi. In addition, USMT may have further enhanced the peritectic transformation by 397 
accelerating the peritectic transformation rate, in which case the thickness of the peritectic 398 
envelope ∆β-Al5FeSi in the alloy after USMT would be greater than that in the case without 399 
USMT. Previous studies [32-34] have suggested that the peritectic transformation rate 400 
increases markedly under USMT, possible due to two mechanisms: (1) acceleration of the 401 
liquid-peritectic phase interfacial diffusion due to cavitation and accompanied mixing of the 402 
melt; and, (2) increase in the peritectic reaction temperature according to the Clapeyron 403 
equation [54], and thus diffusion is expected to increase with temperature. To clarify this 404 
point, the β-Al5FeSi envelope thicknesses were measured for at least 40 particles in both 405 
alloys, and the results are shown in Table IV. An average envelope thickness of 24.6 μm was 406 
achieved without USMT, as opposed to 26.4 μm with USMT. The very similar values 407 
indicate that the rate of peritectic transformation δ-Al3FeSi2  β-Al5FeSi remained 408 
essentially the same in both alloys. This is not totally unexpected since USMT ceased prior to 409 
the peritectic reaction as shown in Fig. 3(b). Consequently, the observations of ultrasound 410 
enhancing the peritectic transformation are mainly due to the reduced size of the primary δ-411 
Al3FeSi2 particles which require much less time to complete transformation than larger 412 
primary δ-Al3FeSi2 phase particles. 413 
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 414 
 415 
Fig. 12—Schematic diagram showing the effect of USMT on the peritectic transformation δ-416 
Al3SiFe2  β-Al5FeSi. The finer primary δ-Al3SiFe2 particles produced as a result of USMT 417 
ensures their complete transformation into peritectic β-Al5FeSi phase. 418 
 419 
V. Conclusions 420 
1. In the absence of ultrasonic melt treatment (USMT) severe macro-segregation was 421 
observed in the ingot with a noticeably non-uniform distribution of primary Fe-containing 422 
intermetallic and primary Si particles, whereas a near homogeneous distribution of both 423 
primary phase particles throughout the ingot was produced after USMT, i.e., reduced 424 
macro-segregation. 425 
2. Macro-segregation was further quantified using microstructural metallography at different 426 
regions of the ingot samples. The results showed that the area fraction, number density, 427 
and size distribution of both the primary Fe-containing intermetallic and primary Si 428 
particles became essentially uniform across the ingot after USMT confirming the 429 
beneficial effect of USMT on eliminating macro-segregation. 430 
3. USMT had a significant impact on the constitution of the primary Fe-containing 431 
intermetallics, where complex particles of δ-Al3FeSi2/β-Al5FeSi were prominent without 432 
USMT while few δ-Al3FeSi2 particles were observed after USMT and the primary Fe-433 
containing intermetallics existed mostly as the single-phase β-Al5FeSi.  434 
4. USMT leads to enhanced peritectic transformation δ-Al3FeSi2  β-Al5FeSi due to the 435 
significant reduction in the average size of the primary δ-Al3FeSi2 particles. 436 
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Figure caption list 539 
Fig. 1—Schematic illustration of the experimental set-up. 540 
 541 
Fig. 2—Temperature vs fraction solid curve as predicted by PANDATTM assuming 542 
equilibrium solidification of the Al-19Si-4Fe alloy. 543 
 544 
Fig. 3—Cooling curves and their first derivatives for the Al-19Si-4Fe alloy: (a) without 545 
USMT and (b) with USMT. 546 
Fig. 4—(a) Vertical section of a solidified Al-19Si-4Fe ingot without USMT and (b) the 547 
same alloy with USMT. Note the distinct difference in macro-segregation and phase 548 
distribution in (a) and (b). 549 
 550 
Fig. 5—SEM BSE micrographs showing the typical primary phase structures in the four 551 
different zones of the Al-19Si-4Fe ingots shown in Fig. 4. 552 
 553 
Fig. 6—Area fraction of primary phases without and with USMT in the ingot samples shown 554 
in Fig. 4: (a) primary Fe-containing intermetallics, and (b) primary Si. Refer to Fig. 4 for the 555 
different zones. 556 
 557 
Fig. 7—Number density of primary phases without and with USMT for the ingot samples 558 
shown in Fig. 4: (a) primary Fe-containing intermetallics, and (b) primary Si. Refer to Fig. 4 559 
for the different zones. 560 
 561 
Fig. 8—Morphological parameters of primary phases for the alloy ingots shown in Fig. 4: (a) 562 
primary Fe-containing intermetallics without USMT; (b) primary Fe-containing intermetallics 563 
with USMT; (c) primary Si without USMT; and (d) primary Si with USMT. Refer to Fig. 4 564 
for the different zones. 565 
 566 
Fig. 9—(a) Typical BSE image showing unreacted platelet-like Fe-containing intermetallics 567 
existing as complex particles of δ-Al3FeSi2/β-Al5FeSi in Zone I of the ingot sample solidified 568 
without USMT, and (b) an enlarged view. 569 
 570 
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Fig. 10—BSE images showing examples of primary Fe-containing intermetallic particles: (a-571 
c) complex blocky particles of δ-Al3FeSi2/β-Al5FeSi observed near the mould wall regions of 572 
the ingot samples solidified without USMT; (d, e) single-phase short intermetallic particles 573 
observed in the ingot after USMT; and (f) a complex particle of δ-Al3FeSi2/β-Al5FeSi 574 
observed in the ingot sample with USMT. 575 
 576 
Fig. 11—EDS line scans across selected Fe-containing intermetallics particles: (a) the 577 
complex particle in Fig. 9 (c); (b) the complex particle in Fig. 9 (f); and (c) the single-phase 578 
β-Al5FeSi particle in Fig. 9 (e). 579 
 580 
Fig. 12—Schematic diagram showing the effect of USMT on the peritectic transformation δ-581 
Al3SiFe2  β-Al5FeSi. The finer primary δ-Al3SiFe2 particles produced as a result of USMT 582 
ensures their complete transformation into peritectic β-Al5FeSi phase. 583 
 584 
585 
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Tables 586 
Table I. Previous studies on USMT of hypereutectic Al-Si based alloys containing deliberate additions of Fe. The abbreviation NS stands 587 
for not specified. 588 
Si, Fe 
content 
 
(pct) 
Neutralising 
elements 
 
(pct) 
Primary 
phase 
 
Macro-
segregation 
reported 
Influence on peritectic 
solidification Horn 
material 
Horn 
diameter 
 
(mm) 
Applied 
power  
 
(W) 
Amplitude 
 
(μm) 
Frequency 
 
(kHz) 
Horn temp. 
 
(K) 
Horn 
immersion 
depth 
 
(mm) 
Melt 
size 
 
(g) 
Difference 
in pouring 
temp.* 
 
(K) 
Ref. 
Suppression Promotion 
17, 1.3 Mn = 0.5 Si No Phases not characterised 
Stainless 
steel 
Crucible
-type 
2000 25-30 19.5 Room temp. N/A 1300 
No 
difference 
[13] 
17, 2 Mn = 0.8 Si No No effect Ti NS 1600 NS 20 NS 15-20 600 85 to 125 [11] 
17, 2 
Mn = 0.4, 
0.8 
Si No β-phase δ-phase Ti NS 1600 NS 20 NS 15-20 600 110 [12] 
18, 4 None δ-phase No No effect Sialon 20 1200 20 19 NS 10 240 
Not 
poured 
[8] 
20, 0.7 
Co = 0 to 
1.5 
Si No No effect Ti NS 1200 NS 20 NS 15-20 600 135 [10] 
20, 2 
Mn = 0.0, 
0.5 
Si No β-phase δ-phase Ti NS 1200 NS 20 NS 15-20 600 130 [9] 
Note: The difference in pouring temperature refers to the difference in pouring temperature used without and with USMT. 589 
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Table II.  Solidification reactions observed from the cooling curves of the Al-19Si-4Fe 590 
alloy without and with USMT. 591 
Reaction 
number 
Type of reaction Estimated temperature, K (°C) 
  Without USMT With USMT 
(1) L  δ-Al3FeSi2 938 (665) * 
(2) L  δ-Al3FeSi2 + Si 936 (663) * 
(3) 
L + δ-Al3FeSi2 → β-Al5FeSi + 
Si 
868 (595) 868 (595) 
(4) L → α-Al + Si + β-Al5FeSi 849 (576) 849 (576) 
*Difficult to determine from the experimental data (see text). 592 
593 
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Table III. EDS point analysis results of primary Fe-containing intermetallic particles. 594 
Alloy Structure 
Composition (at. pct) 
Al Fe Si Fe:Si 
Probable 
Phase 
Without 
USMT 
Complex 
particles 
Central 
50.92 ± 
3.28 
18.03 ± 
3.11 
31.05 ± 
0.84 
0.58 ± 
0.07 
δ-Al3FeSi2 
Outer 
65.89 ± 
0.77 
16.47 ± 
0.88 
17.64 ± 
0.93 
0.92 ± 
0.10 
β-Al5FeSi 
With 
USMT 
Single-
phase 
particles 
- 
65.94 ± 
0.77 
16.3 ± 
0.67 
17.76 ± 
0.57 
0.92 ± 
0.05 
β-Al5FeSi 
Complex 
particles 
Central 
50.97 ± 
4.62 
18.19 ± 
4.06 
30.85 ± 
0.83 
0.59 ± 
0.09 
δ-Al3FeSi2 
Outer 
65.96 ± 
1.17 
16.53 ± 
0.92 
17.5 ± 
0.87 
0.94 ± 
0.10 
β-Al5FeSi 
595 
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Table IV.  The average intermetallic half-width (critical diffusion length) and the average 596 
thickness of the peritectic β-Al5FeSi phase envelope in the alloy without and with USMT. 597 
Alloy 
Half-width of the particle, 
μm 
Thickness of the peritectic 
envelope, μm 
Without USMT 61.6 ± 20.7 24.6 ± 15.4 
With USMT 27.7 ± 6.9 26.4 ± 5.7 
  598 
 599 
